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a  b  s  t  r  a  c  t

Demand  Side  Management  (DSM)  is  often  one  of the  most  cost-effective  approaches  toward  energy
conservation  and  efficient  electricity  infrastructure  utilization.  Identifying  total  air-conditioning  load
for  assessing  targeted  interventions  is a difficult  task  given  the  transient  thermal  response  of  buildings,
the  coupled  interaction  of  multiple  sub-systems  and  the  high  correlation  of  demand  with  weather  and
other  perturbations.  An  hourly  regression-model  of  electricity  consumption  was  developed  for  the  city
of Abu  Dhabi,  UAE, using  measured  hourly  substation-level  data.  The  fit  is  exceptionally  good,  even in
a prediction  context:  Root  Mean  Squared  Error  (RMSE)  equivalent  to 1.54%  of  the  annual  peak  load  and
Mean  Absolute  Percentage  Error  (MAPE)  of  2.01%  for  the  training  period  (full-year  2010),  RMSE of 1.84%
and  MAPE  of  2.64%  for the  testing  period  (first-half  of  2011).  The  regression-model  was  combined  with
etrofit
easurement & verification

ir-conditioning load
ecision support

information  from  Abu  Dhabi  Urban  Planning  Council  and  the National  Central  Cooling  Company  (Tabreed)
to  derive  an  accurate  estimate  of the urban  cooling  load, the  main  driver  of  electricity  consumption  in
the region.  It was  determined  that,  although  only  30%  of  the  annual  load  is directly  weather  dependent,
air-conditioning  explains  no  less  than  57%  of the  total  annual  electricity  load  and  75%  of  the  peak  summer
demand.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

According to the 2008 World Wildlife Fund’s Living Planet
eport [1], the UAE had the world’s worst ecological footprint per
erson, experiencing only minor improvements by the publication
f the 2012 report [2]. Demand-side energy efficiency is undoubt-
dly one of the most cost-effective ways for achieving Green House
as emissions reduction.

The first step in promoting energy efficiency, from a policy point
f view, should be to incentivize those initiatives that have the
otential of achieving the highest impact in terms of energy cost
avings with the lowest investment, the so-called “low hanging
ruits”. Identifying such options and estimating savings is a noto-
iously difficult task given the complexity and dynamics of the
ystems involved, the uncertain role of energy prices, lack of infor-
ation on driving variables, unpredictability of end-user behavior
nd weather variability. Abu Dhabi and most of the region has a high
ortion of its electricity demand dedicated to cooling, mainly due
o the hot and humid weather as well as the low thermal efficiency

∗ Corresponding author at: P.O. Box 54224, Abu Dhabi, United Arab Emirates.
el.:  +971 2 810 9149.

E-mail address: aafshari@masdar.ac.ae (A. Afshari).

ttp://dx.doi.org/10.1016/j.enbuild.2014.05.011
378-7788/© 2014 Elsevier B.V. All rights reserved.
of the current building stock. The objective of this study was to
identify, using different methods and sources of data, the fraction
of the electricity load that can be directly traced back to cooling,
since a series of measures are available to curb this specific driver
of load.

2. Problem definition

Given the generally unsatisfactory level of thermal insulation in
existing buildings and the extreme weather conditions during the
long summer season, electricity load in the UAE and in most neigh-
boring countries is highly correlated with weather for most of the
year. It is estimated that the weather dependent portion of the load
within Abu Dhabi municipality reaches 30% of the total load for the
year, and 49% for the year’s peak load hour [3]. The weather depend-
ent load provides an absolute lower bound for the air-conditioning
load, since the latter also includes certain constituents that are
not weather dependent (e.g., pumps, fans). This fact reveals air-
conditioning load as the primary target of any systematic energy
efficiency program. To better model electricity consumption and

the impact of air conditioning, it is essential to distinguish sen-
sible cooling from latent cooling. Sensible cooling load refers to
the energy demand directly responsible for keeping the building’s
indoor dry bulb temperature within a prescribed comfort range

dx.doi.org/10.1016/j.enbuild.2014.05.011
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2014.05.011&domain=pdf
mailto:aafshari@masdar.ac.ae
dx.doi.org/10.1016/j.enbuild.2014.05.011
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Nomenclature

E electricity load
Gl linear growth
Gm multiplicative growth
T temperature
t time
TS smoothed temperature
� forgetting factor
I solar irradiance DNIH
ω solar irradiance coefficient
� composite temperature

 ̨ ratio for composite temperature
�
Y modeled hourly energy consumption
�
Y1 modeled non-weather dependent fraction of load
�
Y2 modeled weather dependent fraction of load
B baseload
� coefficients for non-weather dependent parameters
Fa Fourier series for annual seasonality
Fd Fourier series for daily seasonality
Df dummy  variable for Friday/Holiday
Ds dummy  variable for Saturday
Dr dummy  variable for Ramadan
� sensible cooling load proxy
� latent cooling load proxy
w wind
��� coefficient for sensible cooling
��� coefficient for latent cooling
��w coefficient for wind
C total load from chillers
P Total load from pumps
F total load from fans
misc other sources of load
pC percentage weather dependent chillers load
pP percentage weather dependent pumps load
pF percentage weather dependent fans load
W̄ weather dependent load from regression model
�
W weather dependent load from typical building
B̄ non-weather dependent load from regression

model
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�
B non-weather dependent load from typical building

e.g., 24 ± 2 ◦C), while the latent cooling load is the energy required
o keep the indoor air humidity within a prescribed comfort range
e.g., 55 ± 5%). This is achieved through dehumidification of both
he fresh air intake and the recirculating indoor air. The ultimate
oal is to ensure that the indoor comfort conditions, usually defined
n terms of temperature and relative humidity, are “acceptable”

ith reference to a certain standard (e.g., ASHRAE Standard 55 in
orth America).

The main objective of this study was to identify the energy con-
umed for indoor climate control, defined by heating, ventilation
nd air conditioning (HVAC) load. In order to identify such estimate

 top-down mathematical model of the Abu Dhabi electricity con-
umption was developed and combined with information from a
ottom-up model, which gives further information about the cool-

ng load. The measured data provided by Abu-Dhabi’s utility was
eparated in a way that two-thirds of it was used for the model
raining and one-third for model testing. We  ensured that the
ow-complexity linear model (some light non-linearity explored)

stimated coefficients are statistically significant and accurately
epresent the underlying physical phenomena.

In our model, temperature was used together with humidity,
ind speed and solar irradiance to account for different weather
uildings 80 (2014) 72–80 73

influences. Regression analysis was the method chosen for com-
bining and pondering the different effects, due to its relatively low
computational cost and broad range of application. This approach
also produces easily interpretable sensitivity coefficients for the
different drivers of the load, facilitating the analysis of each compo-
nent individually, as opposed to other top-down approaches where
the physical significance of the coefficients is lost. The regression
model was  used to segment load into weather dependent and non-
weather dependent component. In order to have a more detailed
breakdown of electricity consumption, especially for identifying
the base cooling load that is constant through the year (chiller base
load, pumps and fans), the top-down model was combined with
a bottom-up model representing the three main building types in
Abu-Dhabi.

3. Literature study

There are two main classes of methods for predicting and ana-
lyzing aggregate urban energy usage [4], the bottom-up and the
top-down approach.

A review of both classes of methods and comparison based on
data requirements, pros and cons is presented in [5]. The traditional
bottom-up approach to model urban energy use is usually based on
data obtained from surveys and field measurements of the energy
consumption profile and the characteristics of an individual unit
or a statistically representative sample of units, identifying fixed
demand per unit floor area or per household and extrapolating the
results to infer global urban usage characteristics. This approach
can give specific details on optimization potentials for a single
building [6] but, by itself, usually fails to model the total energy use
in buildings at urban level with sufficient resolution, due, among
other shortcomings, to a non-linear relationship between load and
floor area.

A more accurate approach, which can be combined with the top-
down approach, consists of a series of typical building models used
together in a way  to represent the overall building stock. Individual
simulation of each building focusing on energy use characteristics,
are aggregated together based on the overall representativity of
each building type in the studied area in order to predict urban
energy use [7–9]. This approach can produce better results as com-
pared to the traditional method, but some weaknesses arise. The
results from the aggregate urban model are highly dependent on
the precision of the individual building prototype models used, in
the accuracy of the collected data on the representativity of each
building in the urban building population, and in the assumptions
made with regard to changing demographic factors, hours of occu-
pancy, indoor climate control system in use etc. [10]. The work
described in [11] shows the application of an urban energy model
based on individual representative buildings combined into “build-
ing clusters” for specific districts and extrapolated to determine
potential CO2 emission reduction for Osaka city, Japan, considering
different energy efficiency and energy saving measures. Because
disaggregate data is usually obtained by surveys, precision and size
of the underlying building database directly impact the precision
of bottom-up models [12].

Due to the interaction between buildings and the heat stored in
the urban canyon, an urban microclimatic phenomena known as
the Urban Heat Island effect cannot be properly accounted for and
estimated only by using isolated building models, since in practice
the overall urban energy consumption is different from the sum of
all its constituent building loads [13,14]. Given the complex dynam-

ics of the system, the non-linearity and coupling of sub-systems
and the high correlation with weather and other random perturba-
tions, the bottom up approach has many limitations when applied
to urban/district energy models. On the other hand, it does not
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xplicitly require the measurement of the overall urban energy
onsumption data—although such data, if available, may  be used
o calibrate the model. In addition, the bottom up model may  be
ble to provide consumption details that are not distinguishable
rom a high-level model.

When high level measured data, such as the aggregate energy
upply, macroeconomic data such as gross domestic product (GDP),
opulation growth, buildings construction/demolition rate and
eteorological data is available, and an overall representation of

he building stock is desired, the top-down approach produces bet-
er results and enables high level consumption characteristics and
rends to be identified. The parameters of the resulting models are
ither sensitivity coefficients or lumped physical properties. For the
op-down approach, contributions can be broadly classified in three

ain categories [15]: time series models, artificial neural networks
ANN), regression-based approaches.

Time series models are best suited for capturing the time
ependence of the load, seasonal effects (summer, winter), day-
f-the-week (working day, non-working day), calendar holidays,
ifferent hours of the day and trends in general [16]. Some
egion-specific studies using this method are noteworthy: energy
onsumption and economic growth for south-east-Asia [17];
nergy production and consumption in northern Spain [18]; com-
arison of hourly load profiles for Brazil [19] and short-term
ay-ahead and week-ahead load forecasting for Spain [20].

Artificial Neural Networks (ANN) methods, often classified as
black-box” type models, automatically interpolate between the
lectricity load and hour, day-of-week, day-of-year and weather
ata in a training data set based on a predefined model struc-
ure. The presumed advantage is the ability to learn complex
nd non-linear relationships that are difficult to model with
onventional techniques [21–24]. Under this representation, the
hysical phenomena being represented cannot be matched to the
oefficients (weights) of the ANN, therefore the marginal impact of
ach input variable is not clear from the model coefficients. Further-
ore, there is a risk of over-fitting the model to the training data,
hich can hinder the validity of the model when used outside of

he training period.
Regression models utilize the strong correlation of load with

elevant factors such as weather, hour-of-the-day and day-of-
he-week. Work using this method has proceeded on two  fronts,
ingle-equation models and multiple-equation models with dif-
erent equations for different hours of the day [25–28]. A linear
egression model was used to estimate the elasticities of GDP,
rice and GDP per capita for the domestic and non-domestic Italy’s
nergy consumption for long term forecasting and comparing it
ith available projections [29]. Other than the economic factors,
any previous studies have looked at the correlation between tem-

erature and electricity consumption [30–32].

. Data description

.1. Electricity data

The quality of the electricity model and the final estimates
re dependent on the quality of the data used for calibrating and
esting, as well as the assumptions embedded in the modeling pro-
ess. This study relied on substation-level hourly electricity data
easured by the SCADA system of Abu-Dhabi Emirate’s electricity

tility, as well as hourly weather data (including direct and global
olar irradiance and wind speed) monitored by Masdar City’s com-

rehensive weather station for the calendar year 2010 (January
st–December 31st) and the first half of 2011 (January 1st–June
0th). Abu-Dhabi’s electricity load is mostly imputable to build-

ngs (residential, commercial and institutional). The contribution
Fig. 1. Hourly load for 2010 and first half of 2011.

of the industrial & agricultural sectors is less than 12% of the total
[33]. A subset of substations which are all within the municipal-
ity of Abu-Dhabi was selected, thereby eliminating industrial &
agricultural loads. This subset constitutes, in aggregate, a better
proxy for the buildings load than the total system load. Hourly elec-
tricity consumption data from 29 low-voltage substations (11 kV,
22 kV and 33 kV) was used. This subset includes all substations
that directly supply street transformers serving final customers
in residential/business areas within Abu-Dhabi municipality. The
aggregate annual load of the selected substations peaks at 1935 MW
in 2010, presenting a slight growth in 2011. Fig. 1 presents the plot
of electricity demand (MW)  per hour-of-year, starting from the 1st
of January of 2010, which was  used for model training and test-
ing. To facilitate the interpretation of the model parameters, we
normalize the load by dividing the hourly load measurements (in
MW)  by the peak demand observed in 2010.

4.2. Weather data

The Gauss–Markov theorem states that the least squares esti-
mators have the smallest standard deviation of any unbiased
estimator. This does not ensure that the standard deviation is
always small in an absolute sense. In presence of multicollinear-
ity [34], the least squares estimator maintains its properties but
the standard deviation of the coefficients may  be large, resulting in
a non-efficient estimation. In order to minimize multicollinearity
in the model, among the different solar irradiance measurements
(Global Horizontal Irradiance – GHI, Diffuse Horizontal Irradiance
– DHI and Direct Normal Irradiance – DNI) and derived DNI values
(Horizontal DNI and Vertical DNI as presented in [35]), Horizontal
DNI was  determined to be the most significant of all irradiance mea-
surements, and was  the only variable representing solar irradiance
retained in this study.

In addition to Horizontal DNI (DNIH in W/m2), dry-bulb temper-
ature (Temp in ◦C), specific humidity (SH in g/g) and wind speed
(Wind in m/s) showed significant correlation with electricity load
(Load in MW).  Fig. 2 presents the correlation between variables and
the histogram distribution of each variable. Clearly, a certain degree
of multicollinearity among the selected drivers cannot be avoided
(Table 1).

4.3. Building models

To establish a business-as-usual benchmark of Abu Dhabi’s

energy and water consumption levels for application to the Pearl
Design System Rating Method, Abu Dhabi Urban Planning Coun-
cil (UPC) has established energy consumption benchmarks for
the three most prevalent building types within Abu Dhabi Island,
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Fig. 2. Matrix plot, displaying variables distribu

ARUP, private communication). In order to set such benchmark,
ifferent sources of information were used such as: end-user elec-
ricity meter information from Abu Dhabi Distribution Company
ADDC), building footprints and number of floors obtained from
PC’s GIS department, walk-in and walk-by inspection and sur-
eys, together with government reports from the Executive Affairs
uthority (EAA) and the Regulation & Supervision Bureau (RSB).
hree single-use representative building types were identified:
ulti-unit residential, office and retail. Although villas represent

 significant portion of the residential load in the emirate of
bu Dhabi, within the region covered by our substation selection,
ulti-unit residential buildings are prevalent; therefore, the UPC

haracterization remains valid. The UPC used the collected informa-
ion to calibrate three detailed building models corresponding to
he retained typologies. Finally, load constituents (chillers, pumps,
ans, lighting, equipment and other services) for each building type
ere reported on a monthly basis. This information was further
sed to determine the contribution of air-conditioning to the aggre-
ate Abu Dhabi load.

. Prediction method

Our main contribution is to develop, via inverse modeling, a

id-term prediction model (able to predict up to a year ahead) of

ourly electricity load for Abu Dhabi. Mid-term load prediction is
o be distinguished from load forecasting, since the former is per-
ormed off-line (ex post) on historical time-series data (typically

able 1
ean cross-correlation coefficients.

Temp SH DNIH Wind Load

Temp 1.00 0.48 0.48 0.50 0.87
SH  0.48 1.00 −0.13 0.09 0.73
DNIH 0.48 −0.13 1.00 0.38 0.16
Wind 0.50 0.09 0.38 1.00 0.28
Load 0.87 0.73 0.16 0.28 1.00
charts on the diagonal) and cross-correlations.

one year or more). It is the most suitable approach in order to
establish a baseline model of electricity consumption. Furthermore,
the model parameters represent the sensitivity of the load to the
drivers of the load (exogenous variables) and can be used to pre-
dict the impact of planned large-scale DSM interventions on the
aggregated urban electricity load.

Electricity load can be decomposed into two  main constituents:
a weather independent portion driven by calendar variables
(annual seasonality, day-type and hour of the day) and a weather
dependent portion where the main drivers are dry-bulb tempera-
ture, humidity, solar irradiance and wind speed.

The proposed model does not include ARIMA (Auto-Regressive
Integrated Moving Average) components, as they are difficult to
interpret from an economic/physical point of view and tend to
result in uncontrolled growth of initial condition errors in a mid-
term prediction setting. Fourier series were used to model daily
(workday) and annual seasonalities, while dummy variables were
used to differentiate Fridays/Holidays, Saturdays and Ramadan
days from workdays (24 dummy variables per day type).

Abu Dhabi has seen significant population growth averaging
7.7% p.a. between 2005 and 2010 [33], leading to commensurate
energy consumption growth in the last decade. To account for the
non-stationarity of the data series resulting from this trend in elec-
tricity consumption through the year, two  methods were tested: an
additive linear trend and a multiplicative trend. The additive linear
trend is based on the assumption that the rate of population inflow,
new buildings and new appliances result in a constant hour-over-
hour increase in the electricity consumption (Gl)  throughout the
year. This method considers that at every hour there is a constant
load increment over the previous hour, independently of other fac-
tors. Defining E(t) as the electricity load for hour t, X(t) as the vector
of exogenous variables affecting load at hour t and  ̌ the vector of
coefficients for each variable, Eq. (1) represents the additive linear

trend model. The second method using the multiplicative trend is
based on the assumption that there is a rate of population inflow,
new buildings and new appliances, which affects all parameters in
the model (Gm). Eq. (2) presents the relation for the multiplicative
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Fig. 3. Load versus temperature.

rowth. Both growth methods were tested in order to determine
he best representation of the physical behavior.

(t) = Gl × t + X(t) ×  ̌ ∀t (1)

(t) =
(

1 + Gm × t

8760

)
× X(t) ×  ̌ ∀t (2)

. Model definition

.1. Aggregate urban model

The scatter plot of hourly load versus hourly temperature for
010 (Fig. 3) clearly shows that there exists a non-linear relation-
hip between temperature and load. A similar relationship was
bserved between load and enthalpy, the proxy identified to best
epresent ventilation load. This type of non-linearity has often
een reported in the literature (e.g., [36]) especially in countries
here the load is highly dependent on temperature, such as France

massive use of electric heating) or Spain (air-conditioning). In
bu-Dhabi, temperatures below a threshold of approximately 18 ◦C
o not seem to have an impact on load while higher tempera-
ures result in increased electricity demand [35]. Instead of using

 piece-wise linear change-point model to account for the non-
inearity between load and sensible/latent cooling proxies (e.g.,
37]), a “threshold function” similar to the one implemented in the
ventail load model of Electricité de France, described by [15] was
sed, where a gradual transition around the change point is applied.
his transformation applied to the sensible cooling proxy and to the
atent cooling proxy account for the non-linear relation of tempera-
ure and enthalpy to load [3]. It also expresses, in a mathematically
legant way, the uncertainty associated with the threshold vari-
ble. The threshold function  (x, x0, 	) of a random variable x is
he expected value of max(x − 
, 0),  where 
, the threshold vari-
ble, is normally distributed with mean x0 and standard deviation
. The transformation based on   corresponds to a left-truncated

one-sided) normal distribution function [34]. In order to account
or the non-linear relation to load, and having eliminated the non-
inearity, this transformed dataset is used in the linear regression

odel.
We now want to address another limitation of standard linear

egression: its inability to represent dynamic (transient) effects.
ainly because of the thermal mass of buildings, it is known

hat [38] the cooling load shows a delayed response to weather
ariations—in particular temperature, but also solar radiation to
ome extent. To account for this thermal transfer inertia, the
oncept of a smoothed temperature is used as a proxy of the tem-

erature felt inside the premises [15]. This method introduces

 memory effect into the transformed smoothed temperature,
hereby the latter becomes directly proportional to the instan-

aneous sensible cooling load, including a solar gain component ωI
uildings 80 (2014) 72–80

explained below. The smoothed temperature Ts is defined by Eq.
(3) as an exponentially weighted moving average filter. The value
of the forgetting factor � has significant impact on the forecasting
accuracy of the model. In our investigation, the same value sug-
gested in [15] i.e., 0.98, equivalent to a filter time constant of � = 50 h
(� = e−1/�), produced the best results for the Abu-Dhabi case.

TS(t) = �TS(t − 1) + (1 − �)(T(t) + ωI) (3)

Solar gain through external building surfaces often accounts
for a major portion of the total envelope thermal gains [39]. The
notion of sol–air temperature is an improvement over the simpli-
fied practice of accounting only for the difference between indoor
temperature and outdoors ambient dry-bulb temperature [40,41],
since it adjusts the outdoor temperature to account for solar radi-
ation. The sol–air temperature can be defined as the equivalent
outdoor temperature which will cause the same rate of heat flow at
the surface in the absence of solar irradiation as the one that results
from the aggregate effect of outdoor air temperature and the net
radiation exchange between the surface and its environment [42],
as represented in Eq. (4).

Tsol−air = T + ˛I − �Qir
ho

(4)

where: T, outdoor temperature. ˛, average solar radiation absorp-
tivity of the surfaces. I, solar irradiance incident on the surfaces.

Qir, extra infrared radiation due to difference between external
air temperature and apparent sky temperature. ho, Heat transfer
coefficient for radiation and convection.

To account for the solar gain, a component with horizontal DNI
(I) was  included in the definition of the smoothed temperature,
since we  determined earlier that it presents the highest correla-
tion with load. As for the optimal value of ω, the multiplier for the
horizontal DNI component in the smoothed temperature, a value
of 13 ◦C m2/kW was  determined through line search minimization
of the prediction error. The convective heat transfer coefficient ho

depends on wind speed. In order to account for this influence, we
add a separate Wind parameter to the regression model of the load,
assuming linear relationship for simplicity.

The smoothed temperature represents the heat transfer inertia
through building walls and roof, but there is also an instantaneous
impact, for example through air infiltration or mechanical venti-
lation. Therefore, a composite temperature � is defined by Eq. (5),
which combines the smoothed temperature with the instantaneous
temperature. Once again, the optimal value of  ̨ was determined,
through line search minimization of the prediction error, to be
0.19, thereby giving considerable weight (more than 80%) to the
smoothed temperature.

� = (1 − ˛)TS + ˛T (5)

The approach using the composite temperature � produced a
cleaner final model, as a single coefficient is identified for the
combined effect of all weather variables affecting the overall Abu-
Dhabi’s sensible cooling load. The accuracy of the model is also
significantly enhanced by this approach.

The model is specifically formulated to deal with the triple
seasonality that typically arises in electricity data. This triple
seasonality includes daily, weekly and annual cycles. Daily and
annual seasonalities are modeled using fourth order Fourier Series
(8 parameters per seasonality), while for the weekly seasonality
four day types are considered: Workday (same as daily seasonality),
Saturday, Friday/Holiday and Ramadan. Each of the non-workday
daily profiles is characterized by a set of 24 dummy  variables. The

load displays a monotonic trend—monotonically increasing in this
case.

Let
�
Y represent the hourly energy consumption after growth

was accounted for, the overall model formulation is shown in Eq.
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6), where
�
Y1 represents the non-weather dependent fraction of

he load and
�
Y2 the weather dependent fraction, for each hour. In

otal, the calendar-driven portion of the load (Eq. (7)) is represented
y 8 annual seasonality parameters + 8 daily seasonality param-
ters + 24 Friday/Holiday hourly dummy  variable parameters + 24
aturday hourly dummy  variable parameters + 24 Ramadan hourly
ummy  variable parameters = 88 exogenous variables to which
e must add a constant term B which we call “baseload”, rep-

esenting the yearly average non-weather dependent load. The
on-weather dependent portion of the load at any given point

n time is baseload + annual seasonality + Workday daily seasona-
ity + Friday/Holiday offset (if this is a Friday or a Holiday) + Saturday
ffset (if this is a Saturday) + Ramadan offset (if this is a Ramadan
ay). Note that these offsets can be cumulative. For instance, on

 Ramadan day which is also a Friday/Holiday or a Saturday, both
elevant offsets need to be added to the standard Workday season-
lity.

In Eq. (8), � is the vector of coefficients corresponding to the
on-calendar exogenous drivers of the load, while X2 is the vec-
or of measured/derived exogenous variables. Eq. (9) shows the
oefficients of the non-calendar exogenous variables, where � rep-
esents the sensible cooling, � the latent cooling (enthalpy) and

 wind component, while Eq. (10) shows the constituents of the
ector of exogenous variables, X2.

 = �
Y1 + �

Y2 (6)

1 = B + � ×
[
Fa1 · · ·Fa8 Fd1 · · ·Fd8 D

f
1· · ·Df24 D

s
1· · ·Ds24D

r
1· · ·Dr1

]′
(7)

2 = � × X2 (8)

 =
[
�̂� �̂� �̂w

]′
(9)

2 =
[
� � w

]′
(10)

The additive growth term Gl expresses a linear relationship
etween load and time and can therefore be estimated simulta-
eously with the other parameters of the regression model. In
rder to identify Gm, the multiplicative trend, without resorting
o non-linear estimation, the coefficients of the linear model were
dentified for all growth rates from 0% to 10% with 0.5% increments
alternatively, a nonlinear parameter identification procedure can
e used to determine all model parameters simultaneously). The
rowth rate which produced the best fit for the overall model over
he training period, was then used to test its prediction power over
he testing period.

Electricity price elasticity is usually accounted for in similar
tudies, since price fluctuations often produce significant changes
n electricity consumption [29]. Abu Dhabi has seen stable electric-
ty prices in the past years; therefore, the impact of price elasticity
annot be inferred from the data available. Furthermore, for reasons
eyond the scope of the present study, the pricing level is unlikely
o be used in a DSM context within the emirate of Abu Dhabi in the
oreseeable future. Therefore, price elasticity was not considered
n the present study, but could be an important addition to future

ork as electricity price variation happens.
The model estimation procedure resulted in auto-correlated

esiduals. This is a phenomenon that is often encountered in
oad forecasting studies. Due to the nature of the problem, and
he objectives of the study, this problem could not be directly
olved, nor is it a major impediment to the accuracy of our
id-term predictions. It merely indicates that our linear regres-

ion model, despite the adjustments described above, does not

et completely account for all sources of non-linearity and non-
tationarity. Under the Gauss–Markov assumption the residuals
re assumed to be independently distributed and non-correlated to
ach other. The Ordinary Least Squares (OLS) framework is known
Cooling Pu mps Fan s Mi sc

Fig. 4. Cooling, pumps, fans and misc load profiles in % of year load.

to under-estimate the parameter estimation uncertainties when
this assumption is violated, affecting the validity of the t-statistics.
In order to overcome this problem, an identification method robust
to autocorrelation and heteroskedasticity in the error terms was
used. The Newey–West estimator [43] provides an estimate of the
covariance matrix of the parameters to improve the OLS estimation
of the errors.

Different models were tested with a combination of the vari-
ables and methods previously discussed, in order to identify the
best representation of the overall electricity load behavior. The
models were compared over the training period using the Root
Mean Squared Error (RMSE) and the Mean Absolute Percentage
Error (MAPE). The best models were further tested to measure their
accuracy over the testing period. The RMSE and the MAPE were
used to assess the model’s prediction capability against the mea-
sured data from the first half of 2011. A summary of this comparison
is presented in Section 7.

6.2. Building typology model

The regression model allowed load to be separated into weather
dependent and non-weather dependent components. However, as
mentioned above, the weather dependent load is actually a lower
bound for the cooling load. In order to have an accurate estimate
of the cooling load, an analysis using UPC typical building profiles
was conducted. For each building type, UPC has determined a typ-
ical electricity consumption profile, breaking it down in Cooling
(representing the chillers load), pumps, fans and misc.

According to estimates from Statistics Center Abu Dhabi [33],
45% of the non-industrial load is due to residential customers while
the remainder can be attributed to commercial, office and institu-
tional buildings. This information was  used to produce an average
building profile based on the three representative building types
from UPC: 45% weight for the residential type, and 27.5% each for
office and retail types. The average electricity consumption pro-
file is presented in Fig. 4. Considering that for each building type,
the total electricity load due to cooling (C), pumps (P) and fans (F)
is composed of a weather dependent portion as well as a portion
that is not dependent on weather, the weather driven portions
of cooling, pumps and fans loads are designated as pC,  pP and pF
respectively. The remaining portions (1 − pC), (1 − pP)  and (1 − pF)
are not dependent on weather. Fig. 5 represents this relation; the
label “misc” identifies all load components that are not directly
related to cooling.

The weather dependent percentages (pC, pP,  pF)  were identi-
fied by comparing the weather dependent load obtained from the

regression model W̄ to the estimated weather dependent load from
the typical buildings in Abu Dhabi

�
W, presented in Eq. (11). Simi-

larly, the non-weather dependent load from the regression model
B̄was compared to the portion of the typical buildings’ load that is
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Fig. 5. Weather and non-weather dependent loads.
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Table 2
Summary of training period results.

Growth method Optimal growth (%) RMSE MAPE

Additive 0.94 1.544 1.99
Multiplicative 3 1.541 2.01

Table 3
Weather dependent coefficients.

Coefficient Std. error t-Stat
Fig. 6. Fitting of pP and pC to the modeled data.

ot related to cooling. Eq. (12) presents this relation. Using a line
earch minimization routine, the summation of the squares of the
ifferences W̄ − �

W and B̄ − �
B was minimized (Eq. (13)), in order to

dentify the percentage of the non-weather dependent component
f the load from the regression model that is actually attributable

o the energy use of certain cooling equipment. For instance, Fig. 6
hows the surface of the error e based on pP and pC.  The optimal
oint identified indicates the 79% of the chiller energy is weather
ependent, while 100% of pumps and fans load is independent from

Fig. 7. Model training residua
Sensible 0.958 0.035 26.9
Latent 0.203 0.01 19.9
Wind −0.429 0.038 −11.3

weather and fully accounted for in the annual seasonality compo-
nent of the regression model.
�
W = pC × C + pP × P + pF × F (11)
�
B = (1 − pC) × C + (1 − pP)  × P + (1 − pF) × F + misc (12)

minimize e =
∑

(
�
W − W̄)

2 +
∑

(
�
B− B̄)

2
(13)

7. Results and discussion

For the training period, both growth methods produced similar
results, very high adjusted R-squared (0.993), and RMSE and MAPE
as presented in Table 2. However, the multiplicative growth model
generally behaves better in a prediction setting (testing period) and
was therefore retained for this analysis. In the testing period, it is
often necessary to adjust the growth rate; this is feasible given that,
in our target application, said period actually lies in the past and the
corresponding growth rate can be inferred from publicly available
statistics in a straightforward manner. For the testing period, the
multiplicative growth term was adjusted to 11% giving the best
results with RMSE of 1.841. Despite some autocorrelation of the
residuals, the model was  able to capture the seasonality and growth
trend in the data as presented in the residual plot and histogram
distribution for the model for the training period in Figs. 7 and 8.

The quasi-totality of the estimated parameters was  statistically
significant (as per the t-statistics provided by the Newey–West

algorithm). Table 3 presents the coefficients and standard error for
the weather dependent parameters. The coefficient of the proxy
for sensible cooling load is about 5 times that of the proxy for
latent cooling load. Wind speed, used as a parameter in the model

ls (a) and histogram (b).
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Fig. 8. Model testing residuals.
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Fig. 9. Daily seasonality profile per day-type.

o account for the convection rate in the sol–air temperature, is
urprisingly significant (cooling effect), although the impact is not
omparable with temperature or humidity. A few dummy  vari-
ble coefficients mainly pertaining to certain hours of the day for
amadan day-types that were not significant were removed (i.e.,
et to zero). Fig. 9 presents the daily profile for each day type.
t can be observed that on Friday the base load is lower through
he day, especially in the afternoon period as most businesses are
losed. Saturday exhibits a smaller overall reduction on baseload
s only some offices are closed on that day. During Ramadan, a

arge portion of the population is fasting during daytime, and have
atherings in the evening for the ceremonial breaking of the fast.
ummy  variables representing Ramadan represent this behavior,
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where baseload during nighttime is substantially higher compared
to other days. Fig. 10 presents the annual seasonality profile.

8. Conclusions

Identifying the potential of air-conditioning related Demand
Side Management measures and building retrofits is a difficult task
given the nonlinear and dynamic nature of the thermal response
of buildings, the coupled interaction of multiple sub-systems and
the high correlation of cooling demand with weather and other
perturbations. The lack of detailed measured data on end energy
usage specifically of air-conditioning and its drivers increases the
uncertainty for policy makers targeting energy efficiency. Mea-
sured substation level hourly data was used to develop and identify
a regression-model of electricity consumption for the city of Abu
Dhabi, UAE, and this model combined with Urban Planning Council
data to determine cooling demand for the Abu-Dhabi Municipality.

The model can be used for DSM program design optimiza-
tion via a priori scenario generation. Specifically, the sensitivity
of the annual load and peak demand to the variation of some
of the regression coefficients representing building physical fea-
tures, can give a reasonably accurate indication of the expected
city-wide impact of large-scale DSM interventions aimed at mod-
ifying said features. UPC typical building profiles were combined
to the regression model here described to identify the total cool-
ing load, as some of the cooling components are accounted for in
the non-weather dependent fraction of the load. It was identified
that 79% of the chiller energy is weather dependent, an extra 21%
of the non-weather dependent load is used for chillers and should
be accounted for in the air-conditioning load. Similarly, the load
used for pumps and fans are entirely included in the non-weather
dependent load, under the annual seasonality, and should there-
fore be considered as part of the air-conditioning load. The National
Central Cooling Company (Tabreed) has reported that on average
the cooling plants in the region operate at a 20% baseload com-
pared to the summer peak demand (private communication). The
base load during winter can be considered to constitute the non-
weather dependent cooling requirement, which is very close to
the 21% non-weather dependent chiller load that we identified.
By combining the 30% weather dependent load with the baseload
chiller’s consumption, as well as the pumps and fans when estimat-
ing the global air-conditioning load, the annual load reaches 57% of
the total electricity consumption. For the peak hour of the year, the
contribution of the air-conditioning load reaches 75%, compared
to the 49% when only weather-dependent load is considered. The
application of this knowledge may  assist urban planning and policy
making, resulting in lower operational costs and GHGs emissions, as
well as development of future building codes for new and existing
buildings.

Future work will focus on simultaneous estimation of the
regression linear coefficients, the coefficients defining the com-
posite temperature and the multiplicative growth term. This will
increase the accuracy of the model, at the expense of an increase
in computational complexity. Furthermore, a more dynamic mod-
eling approach (transfer function, state-space) might be able
to fully utilize the information present in the data, while pro-
ducing physically significant lumped parameters of the average
building—conductive/convective/solar gain, chiller efficiency, air
tightness, etc.—which can be used for advanced sensitivity analysis
and more accurate and specific what-if scenario analysis. Finally,
the explicit consideration of the Urban Heat Island effect, as well as

the long-wave radiation losses will result in a better characteriza-
tion of the urban energy consumption. In the more distant future,
electricity price variations and elasticity will be investigated in
order to gain better insights for scenario analysis and policymaking.
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